Note: dist, azi, distance and azimuth to the epicentre; alt, altitude above sea level; wL#, wL change code (0 no change, 1 step, 2 oscillation); RMSE, root mean square error. (Holzer et al. 2005; Wang 2007) , control the distribution of aftershocks (Nur & Booker 1972; Bosl & Nur 2002) , trigger earthquakes and volcanic eruptions (Hill et al. 1993; Prejean et al. 2004 ) and may provide evidence of possible hydrogeological earthquake precursor mechanisms (Igarashi et al. 1992; Roeloffs 1998; Matsumoto & Roeloffs 2003) . In general, there are two types of co-and post-seismic responses recorded in groundwater levels: transient dynamic oscillations (Blanchard & Byerly 1935; Cooper et al. 1965; Liu et al. 1989; Kitagawa et al. 2011 ) and sustained changes. The latter type includes abrupt step-like rises or falls (Wakita 1975; Quilty & Roeloffs 1997) , and sustained gradual rises or falls for several days or weeks (Matsumoto 1992; Roeloffs 1998; Brodsky et al. 2003; Wang & Chia 2008) .
It has been considered that earthquake-induced oscillations in groundwater levels are mainly caused by transient oscillations due to crustal poroelastic deformation in an aquifer during the passage of seismic waves (Rexin et al. 1962; Kitagawa et al. 2006) . The amplitude of the water level oscillations is enhanced at particular frequencies, depending upon the characteristics of the well-aquifer systems (Cooper et al. 1965; Liu et al. 1989; Kunugi et al. 2000; Kitagawa et al. 2011) . On the other hand, the mechanism of offset-type water level changes is uncertain. Several processes have been proposed to explain these changes.
Step-like changes of groundwater level in the near field of an earthquake can often be quantitatively explained by the poroelastic pressure response to the earthquake's static strain field (Wakita 1975; Quilty & Roeloffs 1997; Jonsson et al. 2003) . However, the static strain mechanism can hardly explain groundwater level changes in the intermediate or far field. Roeloffs (1998) concluded that repeated ground water level changes induced by distant earthquakes can be quantitatively explained by the diffusion of abrupt coseismic pore pressure changes occurring near the observation well. In sedimentary environments, the compaction and/or liquefaction-induced increase in fluid pressure (Roeloffs 1998 ) are possible mechanisms for shallow wells.
The removal of gas (Linde et al. 1994; Matsumoto & Roeloffs 2003) from the pore space during shaking by seismic waves is another possible mechanism for earthquake-induced groundwater level changes. In gas-saturated aquifers, seismic waves may trigger the rise of gas bubbles and thus increase the pressure locally according to the mechanism of advective overpressure (Steinberg et al. 1989) . A co-and post-seismic flow-rate increase of the order of 25 per cent, observed at an artesian well about 1400 km from the epicentre of the 1999 Izmit earthquake, may be explained this way (Woith et al. 2003; Wang et al. 2004) . Brodsky et al. (2003) investigated step-like coseismic groundwater level changes and proposed a model based on the removal of barriers clogging the groundwater flow dynamically induced by seismic waves of distant earthquakes. Elkhoury et al. (2006) used the response of well water levels to solid Earth tides as a proxy for permeability variations. Specifically, they observed co-and post-seismic phase changes of the tidal band M 2 and argued that reductions of the M 2 phase lag indicate higher permeabilities. The permeability increase depends almost linearly on the amplitude of the peak ground velocity (PGV) of the seismic waves, if it is above a threshold value of about 0.2 cm s -1 . Kocharyan et al. (2011) analysed the water level response to remote earthquakes and explosions. It was shown that the amplitude of post-seismic water level changes scales with the square root of the amplitude of the dynamic strain which can change the number of open cracks and increase the effective permeability. On the basis of experimental laboratory data and a compilation of worldwide field observations Wang & Manga (2010) , Beresnev et al. (2011) and Manga et al. (2012) concluded that barriers in the fractures can be removed and the effective permeability may increase considerably during the passage of a seismic wave. Wang & Manga (2010) summarize their evaluation of potential mechanisms as follows: 'Taken together, it appears that enhanced permeability in the shallow crust during earthquakes may be a common mechanism for a broad spectrum of hydrologic responses that occur in the intermediate and far fields. ' Our point is that enhanced permeability is certainly a viable mechanism, but probably not the dominating mechanism at work for the case of the widespread groundwater level changes observed across the Chinese mainland in response to the M w = 9.0 Tohoku earthquake. Groundwater level monitoring data from 216 wells of the Chinese hydrological network provide a unique opportunity to examine the mechanisms of earthquake-induced groundwater level changes. We describe the monitoring network and methods before presenting the observations where we distinguish the response types oscillation and sustained water level changes. A tidal sensitivity analysis is performed and temporal variations of tidal parameters are shown. Several physical mechanisms are discussed. Finally, the heterogeneous response of more than 200 wells will lead us to the conclusion that the observations are not explained by a single unifying mechanism, but indicate a complex interaction between the seismic waves and the local hydrogeological system in terms of aquifer type, geology and fault/fracture properties.
M O N I T O R I N G N E T W O R K A N D M E T H O D S
Since 1970, earthquake-related hydrogeological and geochemical monitoring wells have been established for the purpose of earthquake prediction research in China. The distribution of wells covers most parts of the Chinese mainland, except for Tibet. In order to monitor pore pressure changes in confined aquifers and to avoid/reduce meteorological effects like rainfall, as well as anthropogenic disturbances, the boreholes were drilled to depths ranging from a few hundred metres to several thousand metres. More than 200 wells have been drilled for scientific purposes during the past decades. At most wells, chart recorders with floating devices were replaced in 2000 and 2007 with digital data loggers, recording signals from relative pressure transducers at a sampling interval of 1 min. Water level sensors of type LN-3A were manufactured by the Institute of Earthquake Science, which belongs to the China Earthquake Administration (CEA). The digital piezometer readings are converted into groundwater level with a resolution of 1 mm in the range between 0 and 10 m; the absolute accuracy is 0.2 per cent full scale. Barometric pressure is recorded at most of the wells. Simultaneously, continuous precise temperature measurements are carried out in each borehole with high-resolution temperature probes (type SZW-1A manufactured by The Institute of Crustal Dynamics, CEA; 10 −4 • C resolution; ±0.05 • C absolute accuracy) at 1 min intervals. Most of the temperature probes were installed at a depth of around 100 m beneath the well head or almost at the bottom of the wells in the case of shallow wells. The data logger system time is synchronized by a GPS clock at each station.
At this stage, information about the wells is not complete. We tried to follow the checklist for a proper documentation of wells as given by Kümpel (1991) , but the compiled data still contain a lot of gaps. For 89 wells, information about well logs and filter sections (perforations) is available. The boreholes were cased to specific aquifers. The diameters of the cased well sections range from 85 to 430 mm, and the diameters of perforated well sections (gravel, sand) . No information is available about the water type in terms of chemical composition, conductivity, gas content etc. Given the fact that the depths of the wells (up to 5269 m), the altitude (up to 3622 m), as well as the climatic zones (from subtropical to continental) cover a broad range of values, the measured water temperature alone does not allow any conclusion to be drawn about a potential influence of deep, thermal fluids.
The majority of the aquifers show a high degree of confinementdeduced from the relatively shallow water levels in relation to the large well depths-which is in line with the observation, that most of the aquifer systems are sensitive to Earth tides. In order to quantify the seismic strain sensitivity of the well water level, to determine the aquifer parameters, examine the proposed earthquake-induced permeability enhancement model and to explore the reasons for different coseismic water level response types to earthquakes, tidal parameters were calculated for each well with the program Baytap-G (Ishiguro & Tamura 1985) . Hourly water level data from 2010 October to 2011 December were chosen. Before doing the tidal analysis, possible steps and spikes caused by instrument malfunctions or maintenance works were removed manually. A sliding window (window length: 31 d, step: 4 d) was used for analysing the timedependent Earth tide parameters. The theoretical volumetric strain tides were selected to calibrate the water level tides. The tidal factors, phases and amplitudes of the tidal constituents M 2 , S 2 , O 1 , S 1 /K 1 were selected from the Baytap-G output, where tidal factor is defined as the ratio of observed water level amplitude to theoretical volumetric strain tide amplitude. Negative phases indicate that the observed tides lag behind the theoretical tides. The calculating error was given as root mean square error (RMSE). It should be noted that S 1 /K 1 and S 2 are not pure gravitational tides, but also contain an unknown contribution of radiational-sometimes called thermal-tides (Agnew 2007) . Thus, for the discussion with respect to Earth tides, the focus of this work is on the purely gravitational tidal bands M 2 and O 1 .
O B S E RVAT I O N S A N D A N A LY S I S
Following the 2011 M w = 9.0 Tohoku earthquake, groundwater level transients were recorded at 158 well sites (73 per cent) out of 216, while at 58 wells (27 per cent) no obvious changes were observed. About 85 (54 per cent) of the responding wells were characterized by dynamic fluctuations/oscillations during the passage of the seismic waves, while sustained water level changes (step-like rise or fall, trend change) were monitored at 73 sites. The well-epicentre distances range from 1297 km to 5379 km, with the well site azimuths with respect to the earthquake epicentre ranging from 237
• to 318
• . Fig. 1 shows the spatial distribution of the water well sites and the type of response related to the Tohoku earthquake. On the whole, no apparent pattern with respect to the three different response types (non-response, oscillations and sustained changes) emerged. As depicted in Fig. 2 , the majority of azimuths of monitoring sites with respect to the epicentre is between 240
• and 280
• . There is no clear azimuthal dependence of the response types (Table 2) , however, it is fair to note that because of the narrow azimuthal range (only about 40 • ), it would be difficult in any case to resolve one. Typical examples of the earthquake-induced water level changes are shown in Fig. 3 . The water level oscillations started with the arrival of the seismic waves at the monitoring well. In some cases, after the passage of seismic waves, the water level fluctuations diminished quickly (within 20 hr) and the water level returned to their original values (Fig. 3a) . In other cases, sustained water level changes altered the original trend or baseline of the well water levels during or immediately after the arrival of the seismic waves and lasted from a few days to several months (Figs 3b and c) . To understand which kind of seismic wave contributed to the groundwater level changes, response times relative to the origin time of the earthquake have been calculated to an accuracy of 1 min (i.e. the sampling interval of the datalogger). As shown in Fig. 4 , there is a good correlation between the response time and the epicentral distance of the wells. Comparing the data (i.e. type of response observed at the affected wells) with travel time curves for P and S body-waves (IASP91 model) as well as surface waves, the results indicate that the water level changes were mainly induced by surface waves travelling at velocities between 2 and 4 km s −1 .
Water-level oscillations
Coseismic water-level oscillations were observed at 85 wells. Fig. 3(a) gives some typical time-series of groundwater level changes induced by the Tohoku earthquake. These oscillatory examples show that the duration and amplitude of the water level oscillations differed from well to well, with the oscillations sustained from several minutes to several hours. Table 1 ) and its epicentral distance (km). Column (a) mainly shows oscillations with different durations and no change (bottom); column (b) shows different kinds of sustained water level changes (offsets); column (c) shows longer-term variations (within 20 d after the earthquake). The tidal signal was removed for clearity. Additionally, the original data including tidal effects are plotted in column (c) as grey curves. oscillations range from −2.13 to +3.09 m ( Table 3 ). The mean, median and standard deviation are −6, −8 and 57 cm, respectively.
Sustained water-level changes
Fig. 5(a) shows amplitudes and signs (rise and fall) of sustained water level changes versus epicentral distances, with the numbers of water level rises (35) and falls (38) being almost equal (Table 3 ). The amplitudes of the water level changes range from −1.27 to +1.38 m, the majority being in the range between ±0.3 m. The mean of all the data is −3 cm (horizontal solid line) and the standard deviation is 31 cm (horizontal dashed lines). No apparent relationship between the amplitude and the epicentral distance is observed. Generally, the amplitude of the water level change strongly depends on the strain sensitivity of the well. In order to eliminate the effect caused by the sensitivity difference between different wells, an effective seismic strain can be estimated for each responding well using its response to the M 2 tide as reference. In the present case, the effective seismic strain was obtained by normalizing the amplitude of the seismic change with the M 2 tidal sensitivity. Fig. 5(b) shows the calculated seismic strains vs. epicentral distances. The strain values appear less scattered than the original water level amplitudes, most of which are between ±1.5 microstrain. Again, no clear correlation is visible between the strain and the epicentral distance. The possibility of a dependence of the signs of the water level changes on the pre-event trend of the water level was also analysed. For this purpose, the original trends before the earthquake were grouped into three categories (rising, falling and no change). The histogram shown in Fig. 6 indicates that there appears to be no evident relationship between the pre-event trend and those 35 wells which responded to the earthquake with a water level rise. In comparison, 28 of 38 wells (74 per cent) responding with a coseismic level drop had already shown a decreasing trend before the earthquake.
Tidal sensitivity analysis
Water level fluctuations in a well due to Earth tides establish a physical relationship between aquifer pressure and crustal strain and may thus be used to 'calibrate' the strain-sensitivity of the wellaquifer system. Analyses of tidally induced water-level fluctuations yield proportional coefficients between groundwater-level change and crustal strain (Roeloffs et al. 1996) . In the present case, our tidal analysis revealed that 177 of the 216 wells are sensitive to Earth tides. 'Sensitive' was defined such that absolute M 2 tidal amplitudes are larger than 1cm and exceed the RMSE of M 2 . M 2 amplitudes and phases, as well as their RMSE, are given Table 1. The descriptive statistics of the tidal amplitudes of the most prominent tidal bands M 2 , O 1 , S 2 and S 1 K 1 are given in Table 4 . The largest observed M 2 and O 1 amplitudes are 1.5 and 0.7 m, respectively.
Large M 2 tidal factors imply a significant amplification of the well-aquifer response to volume strain. The RMSE is frequently used to quantify the differences between the predicted values by a model and the actually observed values. Histograms of the ratio between the M 2 tidal factor and RMSE are shown in Fig. 7 . Note that the larger the ratio, the more sensitive the groundwater level response is to volume strain. The figure indicates that those wells which did not respond to the Tohoku earthquake are characterized by small values of the M 2 tidal factor and large RMSE. On the contrary, wells showing coseismic responses have large values of the M 2 tidal factor and small RMSE. As shown in Fig. 8 , the above statement is not only valid for the semi-diurnal M 2 tidal band, but also for the daily tidal component O 1 . With few exceptions, the non-responding wells plot in the field of tidal admittance factors below a value of 0.5 m per microstrain-corresponding to 5 kPa water pressure change per microstrain or 5 GPa.
Among the responding wells, no significant differences with respect to the M 2 tidal admittance could be observed between those wells showing oscillations and those displaying sustained changes. This is illustrated in a box plot (Fig. 9) where the mean, the quartiles and extreme values of the M 2 tidal factor are shown for the three types of water level changes. The tidal M 2 factors of the nonresponding wells are clearly smaller than the ones characterized by oscillations and sustained offsets. A t-test revealed that the mean M 2 factors are significantly different for wells with coseismic response from those without a coseismic response, although there is no significant difference between the mean M 2 factors of wells displaying oscillations and those showing sustained changes. This result may suggest that coseismic water level changes usually occurred at wells with a sensitivity to Earth tides above a threshold value of the order of 5 GPa, whereas there appears to be no general rule for the type of change observed.
Temporal variations of tidal parameters
Temporal variations of the tidal parameters may reflect changes in an aquifer's hydraulic properties. Specifically, phase shifts are sensitive to permeability changes whereas amplitude changes can be caused by storativity changes (Hsieh et al. 1987; Doan et al. 2006; Elkhoury et al. 2006) . Elkhoury et al. (2006) observed characteristic co-and post-seismic phase shifts of M 2 in two wells in California and proposed a permeability enhancement as a possible cause for the phase shifts. In order to examine possibly earthquake-related temporal variations of hydraulic parameters, we calculated the amplitude response and phase shifts of groundwater level fluctuation relative to the volume strain of the M 2 tide. The evolution of the M 2 tidal factor was calculated for 2010 October to 2011 December using a moving window of 31 d with the step interval of 4 d. Note that any step-like change will be followed by 7 'contaminated' data points due to the moving window analysis. The analysis revealed great differences among the 71 sites where sustained offsets occurred. On the whole, coseismic changes of the tidal parameters occurred at 34 sites (changes in amplitudes or phase lags or both). In addition to seven ambiguous sites, 30 sites did not show any change in phase or amplitude of the M 2 tide after the M w = 9.0 Tohoku earthquake. Some typical examples of temporal phase and amplitude changes are shown in Fig. 10 . The spatial distribution of the 34 well sites that displayed M 2 tidal amplitude or phase changes after the Tohoku earthquake appears to be random (Fig. 11) .
D I S C U S S I O N
In order to understand the observed groundwater level changes associated with the 2011 Tohoku earthquake across the Chinese mainland, several plausible models and mechanisms are discussed below. First, static volumetric strain changes due to the Tohoku earthquake were calculated for the surface of the Earth (depth = 0 km) using a dislocation model based on the theory of Okada (1992) on an infinite homogenous elastic half space with a Poisson's ratio of 0.25. The calculated results showed that the volumetric strain changes were smaller than 10 −8 over mainland China, except for the wells located in NE China (Fig. 12) . At first glance, it might seem physically questionable to calculate static strain changes across plate boundaries, but our estimated strain values fit with GPS observations. Min et al. (2011) report coseismic horizontal displacements in the mm to cm range for NE China, with a maximum of 35 mm, and further postulate maximum strains of the order of 40 nanostrain. According to the sensitivity analysis of water level to Earth tides, several centimetres of water level offset changes should have been observed at wells in NE China in response to static volumetric strain changes above 10 −8 . Indeed, the observed coseismic water level variations are of the order of a few centimetres, but the signs of the observed water level changes were not consistent with the theoretical volumetric strain calculation which uniformly predicted dilatation-that is a fall in the water level-for NE China. In fact, sustained changes, oscillations and non-response appeared to occur randomly in NE China as well as elsewhere in the country. Thus, the mechanism of static strain changes cannot explain the well water level changes in NE China-at least, not alone. Secondly, strong ground shaking can re-arrange the grains in unconsolidated sedimentary aquifers, thus changing the pore geometry leading to a new pore pressure distribution. According to Wang & Manga (2010) , a threshold value of 0.1 J m -3 in terms of seismic energy density is required to initiate undrained consolidation. A comparison of a global data set with the Chinese data presented in this study reveals that a large number of sites with sustained water level changes plot well below this laboratory-based threshold (Fig. 13) , with values up to about 0.4 J m -3 . Under undrained conditions, pore pressure is expected to increase during seismic shaking, except for sites exposed to very strong shaking in the vicinity of the earthquake (see fig. 3b of Wang & Chia 2008) . Contrary, the response of unconsolidated sedimentary aquifers (sand, gravel) to the Tohoku event was random, that is no water level changes, oscillations, step-like rises, as well as step-like falls were observed.
Thirdly, the 'enhanced permeability' model was promoted as the most plausible mechanism for sustained water level changes in recent studies (Rojstaczer & Wolf 1992; Rojstaczer et al. 1995; Roeloffs 1998; Brodsky et al. 2003; Elkhoury et al. 2006; Wang Within each box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme outlying data points, and outliers, which are plotted individually with crosses. (b) Boxplot of the M 2 tidal factors grouped into three categories with respect to the water level response to the Earth-circling surface waves: no 2nd Earthcircling wave, clear response, that is several Earth-circling waves, and no obvious response.
et al. 2009; Geballe et al. 2011; Faoro et al. 2012) . The enhanced permeability model can account for random spatial distribution, different amplitudes and signs. Increased permeability may lead to both, a water level rise or fall, depending whether the barrier was removed either up or down the local hydraulic gradient. A comparison of the Tohoku earthquake-induced water level changes in China with the global observed data set compiled by Wang & Manga (2010) indicates that the spatial distribution of the groundwater level changes is random, with the amplitude and sign of the changes being independent of the epicentral distance (Fig. 14) . These random spatial distributions may be explained by local crustal heterogeneities, complex hydrogeological characteristics, different geological conditions and possibly other factors. According to the enhanced permeability model, sustained groundwater level changes induced by distant earthquakes might be expected at sensitive sites, usually located on active faults, especially on the intersections or bends characterized by subcritical hydrogeological conditions (King et al. 2006) . The heterogeneous distribution of sustained groundwater level change suggests that the sensitivity and hydrogeological conditions are really site-specific (Woith et al. 2003) and thus the response to earthquakes may differ even within small regions. However, statistical results indicated that falling water levels induced by the Tohoku earthquake correlated to some degree with a falling trend preceding the earthquake (Fig. 6) .
Within the context of the enhanced permeability model, seismic energy density was introduced to characterize observed water level changes. In the intermediate field (1-10 ruptured fault lengths from the epicentre), sustained water level changes would be expected, whereas in the far field, water level fluctuations (oscillations) should be observed during the earthquake. The threshold seismic energies for globally documented water level responses are of the order of 10 −3 J m -3 . This means that relatively low threshold energies are required to enhance the crustal permeability by dislodging obstacles from pre-existing cracks and fractures (Wang & Manga 2010) . For the Tohoku earthquake, the estimated seismic energy densities vary between 0.01 and over 0.1 J m -3 , which are far above the lower limit threshold required to initiate permeability enhancement (Fig. 13) . Thus, sustained water level changes would be expected across the Chinese mainland. Also note, that both oscillations and sustained changes were observed in the same range of seismic energy densities (see the zoom part in Fig. 13) . Elkhoury et al. (2006) noted a roughly linear relation between PGV and permeability changes. We observed a weak correlation between estimated PGV and the M 2 phase shifts and show both findings in Fig. 15 for comparison.
However, permeability changes deduced from the phase shift of M 2 Earth tide constituent (Hsieh et al. 1987; Elkhoury et al. 2006) following the Tohoku earthquake occurred 'only' at about 28 per cent of those wells that responded with sustained water level changes; less than 15 per cent of all observed wells. Moreover, at some sites, changes only occurred in amplitude, but not in phase. Amplitude changes might be interpreted as storativity variations. Taken together, evidence for permeability and/or storativity changes induced by the passage of seismic waves comes from 34 sites (Fig. 11) . It should be noted that the inversion of aquifer properties from tidal response was developed for isotropic, homogeneous aquifers. For example, Hsieh's (1987) approach is applicable in cases of negative phase lags-physically meaning that water level variations lag behind the tidal dilatational strains depending on the transmissivity/permeability of the aquifer. Note, that roughly 50 per cent of our wells are characterized by positive M 2 phase shifts (see Table 1 ). Positive phases might be related to local topography, fracture properties (strike, dip, width and lateral extension of fracture zones), vertical drainage to the water table and other factors. Specifically, the orientation of fluid-filled fracture zones with respect to the areal tidal strains is expected to be a key parameter for positive phase shifts (Bower 1983) . To deduce the storativity from the tidal amplitudes might be equally challenging as demonstrated by a noteworthy case study from a fractured rock site in Virginia. Although the casing diameters, the transmissivities, and the storage coefficients of two adjacent wells just 27 m apart are markedly different, M 2 amplitudes in both wells are almost identical (Burbey & Zhang 2010) . The authors suggested 'that the amplitude response may be affected by more complex factors such as fracture dip angle, fracture aperture, and possibly the presence of asperities.' Figure 15 . Earth tidal M 2 phase shift induced by the M w = 9.0 TohokuOki earthquake versus peak ground velocity (PGV) at some water level sites in China mainland (black solid circles). PGV were estimated from broad-band seismograms within 100 km distance from water well sites. For comparison, changes in permeability calculated from tidal phases for two wells in California (CIB -grey circles; CIC -grey squares) are plotted against PGV (data from Elkhoury et al. 2006) . Two fitting lines indicate the linear relation between permeability change and PGV.
According to the model of earthquake-enhanced permeability, it may be expected that groundwater temperature change would be associated with the groundwater-level change. Mogi et al. (1989) deduced that the sudden increases of temperature at an artesian hot spring in Usami, Japan during earthquakes were due to the dislodging of obstacles deposited in underground passageways. Wang et al. (2012) modelled the coupling of heat transport and groundwater flow by solving the advection-diffusion equation and concluded that the observed temperature decrease may be explained by increased groundwater discharge due to earthquake-enhanced vertical permeability. Thus, groundwater temperature observations may be used as additional, independent evidence for cases of earthquake-enhanced permeability. In general, the observed coseismic water temperature changes in 50 of the Chinese wells were very small, not exceeding maximum values of ±0.1
• C (see Table 3 ). A comparison of sustained water level changes with the groundwater temperature revealed no detectable changes in water temperature in about half of the cases.
Finally, within the context of earthquake precursor studies, it was speculated that wells drilled into fault zones might be particularly sensitive because strain may be concentrated near the fault and/or the fault may respond with greater sensitivity to strain (Roeloffs 1988; Kümpel 1992) . Local tidal tilt disturbances due to inhomogeneous deformation along a segment of the North Anatolian fault have been studied by Westerhaus (1997) . Recently, interesting insights about tidal response of fluid-filled fractures emerged from multisensor, multiwell test sites like the 'Fractured Rock research Site' in Virginia, USA, where tidal water level observations could be directly compared to tiltmeter and extensometer data (Burbey et al. 2012) . Dynamically triggered stress changes of the order of 1-10 kPa were recently described by Hill et al. (2013) from the San Andreas fault near Parkfield, located 8200 km from Tohoku. Another important finding underlining the complexity of water pressure responses to the Tohuko earthquake was presented by Niwa et al. (2012) , where heterogeneous water pressure responses were observed at a cluster of wells within and around the Mizunami Underground research laboratory (MIU) located about 600 km WSW at Bibliothek des Wissenschaftsparks Albert Einstein on August 29, 2014 http://gji.oxfordjournals.org/ Downloaded from of the epicentre. Whereas water level drops were observed at wells to the west and north of MIU (at distances of about 1 km) being in agreement with the dilatation of the order of 2 × 10 −7 , water level rises where observed at the MIU site itself. The authors suggested coseismic dilation of heterogeneous local geological structures such as impervious faults controlling the hydrogeological environment.
C O N C L U S I O N S
The analysis of groundwater level changes induced by the 2011 Tohoku earthquake in 216 boreholes across the Chinese mainland revealed that 73 wells showed sustained changes, with water level rises and falls being evenly distributed. Water level oscillations during the passage of the seismic waves were recorded at 85 wells, while 58 did not respond. A significant difference between wells with coseismic response and wells without any response was observed with respect to the tidal sensitivities of the aquifer systems. Sensitive sites are characterized by tidal admittance factors above 5 GPa (0.5 m water level change per microstrain). However, no significant differences in terms of tidal sensitivity were found between sites showing sustained changes and those where oscillations occurred. These earthquake-sensitive wells may be regarded as being potentially suitable for continuous earthquake monitoring.
However, plausible mechanisms for sustained water level changes induced by distant earthquakes are still under debate. While the enhanced permeability model was proposed as the most feasible mechanism in recent studies, it can account for less than 15 per cent of the observations made over mainland China based on the calculated phase and amplitude changes of the M 2 tidal constituent. No change in phase or amplitude of the M 2 tide was detected in about a half of wells showing a sustained water level change. Furthermore, sustained water level changes occurred at seismic energy densities as low as 0.01 J m -3 , being one order of magnitude below the threshold value of 0.1 J m -3 known from laboratory results. The well sensitivity may be correlated with the geological setting, fault systems, hydrogeological condition, geometry of well-aquifer system and local stress state, but at this stage no clear pattern has emerged. From a statistical point of view, no significant correlations between earthquake-induced water level changes and any other parameter could be identified, except for the tidal admittance parameters. It seems that the mechanism of earthquake-induced water level change is more complex than expected. Further studies are required to understand the mechanism of water level changes induced by distant earthquakes.
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